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Purpose: To explore the role of lithium chloride (LiCl) in Pseudomonas aeruginosa (PA) keratitis. 
Methods: B6 mice were subconjunctivally injected with LiCl in contrast to appropriate control sodium chloride (NaCl), 
and then routinely infected with PA. Clinical score, slit-lamp photography, hematoxylin and eosin (H&E) staining, and 
bacterial plate counts were used to determine the role of LiCl in PA keratitis. Messenger ribonucleic acid and protein 
levels of inflammatory cytokines in PA-challenged mouse corneas and in vitro cultured macrophages and neutro- 
phils were measured with real-time PCR and enzyme-linked immunosorbent assay (ELISA), respectively. Apoptosis 
of the infiltrating inflammatory cells in the PA-infected murine corneas was assessed using terminal deoxynucleotidyl 
transferase-mediated uridine 5'-triphosphate-biotin nick end labeling staining and propidium iodide staining associated 
with flow cytometry. In cultured murine macrophages and neutrophils, cell apoptosis was determined with annexin V/ 
propidium iodide double staining associated with flow cytometry and western blot analysis for cleaved caspase-3 and 
cleaved poly(ADP-ribose) polymerase. 

Results: Treatment with LiCl reduced the severity of corneal disease by reducing corneal inflammatory response and 
bacterial burden. Moreover, LiCl increased anti-inflammatory cytokine interleukin-10 levels, decreased proinflamma- 
tory cytokine tumor necrosis factor-a levels, and enhanced apoptosis of infiltrating macrophages and neutrophils in the 
PA-infected mouse corneas. In vitro studies further confirmed that LiCl elevated anti-inflammatory cytokine expres- 
sion but reduced proinflammatory cytokine production, as well as promoted cell apoptosis in murine macrophages and 
neutrophils. 

Conclusions: This study demonstrates a protective role of LiCl in PA keratitis. LiCl promotes host resistance against 
PA infection by suppressing inflammatory responses, enhancing inflammatory cell apoptosis, and promoting bacterial 
clearance. 



Microbial keratitis induced by Pseudomonas aeruginosa 
(PA) is a rapidly progressive ocular disease characterized by 
a suppurative stromal infiltrate with a marked mucopurulent 
exudate, and often causes corneal perforation within several 
days postinfection [1,2]. Innate immunity is the first line of 
host defense against microbial infection. Upon recognition of 
invading microbes by pattern-recognition receptors, inflam- 
matory cells, including polymorphonuclear neutrophils and 
macrophages, are recruited to the infection sites [3,4]. These 
inflammatory phagocytes not only directly kill the invading 
bacteria but also produce various proinflammatory cytokines 
(e.g., interleukin [IL]-6, IL-ip, tumor necrosis factor [TNF]-a) 
and anti -inflammatory cytokines such as IL-10 to modulate 
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the antibacterial immunity [5]. However, if uncontrolled, 
these inflammatory mediators often elicit an overly robust 
response, favoring bystander tissue damage [1,6,7]. Thus, 
tight regulation of host inflammatory responses, especially 
the number and activity of infiltrating inflammatory phago- 
cytes, is critical for disease resolution of PA keratitis [8]. 

Programmed cell death (apoptosis) is an important 
strategy for controlling host inflammatory responses, but the 
role of apoptosis in PA keratitis remains controversial. Dr. 
Hazlett's group found that Fas ligand (FasL) knockout mice 
displayed more severe disease than wild-type mice after PA 
corneal infection [9], and demonstrated that treatment with 
substance P, an antiapoptotic neuropeptide, accelerates the 
disease progression of PA keratitis [10]. However, Dr. Pearl- 
man's laboratory reported that bacterial virulence factors 
such as exoenzyme S and exoenzyme T promote neutrophil 
apoptosis and bacterial survival, leading to the aggravation 
of the severity of PA keratitis [11]. 
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As one of the lightest chemical compounds, lithium 
chloride (LiCl) has been used as a mood stabilizer for 
treating diseases such as bipolar disorder for many years [12]. 
Studies have demonstrated that LiCl is capable of modulating 
various biologic processes, such as glycogen synthesis, gene 
expression, mobility, apoptosis, and inflammation [13]. For 
example, LiCl inhibits the activation of glycogen synthase 
kinase 3(3 (GSK3|3) [14], and enhances the activation of wing- 
less (Wnt)/|3-catenin signaling [14]. LiCl also influences the 
second messenger system by modulating the activity of the 
enzymes involved in the metabolic processes of inositol 
1,4,5-triphosphate (IP3) [15], diacylglycerol (DAG) [16], 
and cyclic adenosine monophosphatase level (c-AMP) [17]. 
Furthermore, it has been reported that LiCl functions as an 
inflammatory suppressor in dermatitis [18], lipopolysac- 
charide (LPS)-induced inflammation [19], toll-like receptor 
(TLR)-mediated chronic intestinal inflammation [20], and 
Francisella infection [21]. LiCl also functions to modulate 
apoptosis of various cell types, including macrophages [22], 
neuron cells [23], lymphoid cells [24], and epithelial cells 
[25-27]. To date, LiCl exhibits great potential in treating 
Alzheimer disease [28], bipolar disorder [29], diabetes [30], 
and serous ovarian cancer [31]. However, the role of LiCl in 
ocular infection remains to be determined. 

In this study, we demonstrated that treatment with LiCl 
in B6 mice promoted host resistance against PA corneal infec- 
tion, by reducing host inflammatory responses and bacterial 
burden. Furthermore, in vivo and in vitro studies suggested 
that LiCl enhanced the production of anti-inflammatory 
cytokines, inhibited the expression of proinflammatory cyto- 
kines, and promoted apoptosis of inflammatory cells. These 
data together indicate that LiCl may be a potential therapeutic 
strategy for PA keratitis, as well as other microbial keratitis. 

METHODS 

Ocular infection and clinical examination: Eight-week-old 
female C57BL/6 (B6) mice were purchased from the Animal 
Supply Center of Sun Yat-sen University Zhongshan School 
of Medicine. Mice were anesthetized with inhalational 
anaesthetic, diethyl ether (with a concentration of 1.9%) and 
placed beneath a stereoscopic microscope at 40X magnifica- 
tion. The cornea of the left eye was wounded with three 1 
mm incisions using a sterile 25 gauge needle. A 5 (0.1 aliquot 
containing 1><10 6 colony-forming units of PA stain American 
Type Culture Collection (ATCC; Manassas, VA) 19660 was 
topically applied to the ocular surface. Eyes were examined 
at 1 day postinfection (p.i.) and/or at times described below, 
to ensure that mice were similarly infected and to monitor 
the disease. Corneal disease was graded using an established 
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scale [32]: 0, clear or slight opacity partially or fully covering 
the pupil; +1, slight opacity partially or fully covering the 
anterior segment; +2, dense opacity partially or fully covering 
the pupil; +3, dense opacity covering the entire anterior 
segment; and +4, corneal perforation or phthisis. All animal 
experiments were performed in accordance with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals. 

Cell culture: Murine macrophage-like RAW264.7 cells 
(ATCC #TIB-71) were cultured in Dulbecco's Modified 
Eagle's Medium (DMEM; Invitrogen, Carlsbad, CA) media 
supplemented with 10% (v/v) fetal bovine serum (Invitrogen, 
Carlsbad, CA), 1% penicillin-streptomycin (Invitrogen), and 
1% L-glutamine (Invitrogen) at the permissive temperature 
of37°C. 

Isolation and culture of mouse bone marrow-derived 
neutrophils: Bone marrow-derived neutrophils (briefly 
called neutrophils) were isolated from 6-week-old female B6 
mice as described by others [33]. Briefly, marrow cells were 
flushed from the femur and tibia with ice-cold Roswell Park 
Memorial Institute (RPMI)-1640 media (Invitrogen) media, 
and then rinsed and treated with erythrocyte lysis buffer 
to remove the red blood cells. Resuspended cells were laid 
on the top of discontinuous Percoll density gradients (52%, 
64%, 72%) and centrifuged at 400 x g for 30 min at room 
temperature. Neutrophils were isolated from the bottom layer 
(64%-72%), counted, and plated on a 12-well culture plate. 
Cells were cultured in Rosewell Park Memorial Institute 1640 
media supplemented with 10% (v/v) fetal bovine serum, 1% 
penicillin-streptomycin, and 1% L-glutamine. Trypan blue 
(Invitrogen) exclusion indicated that the cell viability was 
approximately 95%. Microscopic evaluation demonstrated 
that more than 95% of the isolated cells were neutrophils. 

Lithium chloride interference in vivo and in vitro: LiCl 
(Sigma, St. Louis, MO) or appropriate control NaCl (Sigma) 
was subconjunctivally injected into the left eye of B6 mice 
(5 |il/mouse at a concentration of 0.15 M, n=5/group/time) 1 
day before infection and then topically applied to the infected 
corneas (5 (0.1/mouse per time at an isotonic concentration of 
0.15 M, once on the day of infection, and twice on both 1 
and 3 days p.i.) [34]. For in vitro interference, murine macro- 
phage-like RAW264.7 cells and mouse bone marrow-derived 
neutrophils were cultured in the media with additional 10 mM 
LiCl versus NaCl [35]. 

Real-time polymerase chain reaction: Total RNA was 
isolated from individual corneas or cell pellets by using 
TRIzol (Invitrogen). One (xg of total RNA was reversely tran- 
scribed to produce cDNA, and then amplified using SYBR 
Green Master Mix (Bio-Rad, Hercules, CA) following the 
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Table 1. Nucleotide sequence of the specific primers used in PCR amplification. 

Gene Primer sequence (5'-3 r ) 

P-actin F: GATTACTGCTCTGGCTCCTAGC 

R: GACTCATCGTACTCCTGCTTGC 
IL-6 F: CACAAGTCCGGAGAGGAGAC 

R: CAGAATTGCCATTGCACAAC 
IL-ip F: CGCAGCAGCACATCAACAAGAGC 

R: TGTCCTCATCCTGGAAGGTCCACG 
TNF-a F: CACAGAAAGCATGATCCGCGAC 

R: TGCCACAAGCAGGAATGAGAAGAG 
IL-10 F: AGCTGGACAACATACTGCTAACCGAC 

R: CTTGATTTCTGGGCCATGCTTCTCTG 



manufacturer's protocol. Primer sequences for IL-6, IL-ip, 
TNF-a, IL-10, and P-actin are listed in Table 1. Quantitative 
real-time PCR reactions were performed using the CFX96 
Real-Time PCR System (Bio-Rad). Relative messenger ribo- 
nucleic acid (mRNA) levels were calculated after normaliza- 
tion to P-actin. 

Western blot analysis: For corneal expression of P-GSK3P 
(Ser9) and P-catenin, whole corneas (n=5/group/time) were 
collected and pooled from the LiCl- versus NaCl- treated B6 
eyes before infection and at 1 day p.i. Pooled corneas were 
lysed and homogenized using a 1 ml glass tissue homog- 
enizer in lysis buffer containing 1 mM phenylmethylsulfonyl 
fluoride, 1% (v/v) protease inhibitor cocktail, and 1 mM 
Dithiothreitol (DTT; all purchased from Sigma). For in vitro 
detection, RAW264.7 cells or bone marrow derived neutro- 
phils were washed three times with ice-cold phosphate buff- 
ered saline (PBS, pFT=7.4, Invitrogen) and then treated with 
the lysis buffer. Protein concentration of the supernatant was 
determined with the Quick Start Bradford protein assay (Bio- 
Rad). Thirty u.g of each sample was loaded, separated on 10% 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 
and then transferred to a supported nitrocellulose membrane 
(Pall Life Sciences, Ann Arbor, MI). Blots were blocked in 
5% non-fat dry milk in PBS with 0.1% Tween 20 (PBST) 
and incubated with the primary rabbit monoclonal antibodies 
(Abs) for P-GSK3P (Ser9), P-catenin, cleaved caspase-3, and 
cleaved poly (ADP-ribose) polymerase (PARP; 1:1000; Cell 
Signaling, Carlsbad, CA) at 4 °C overnight, followed by 
incubation with secondary IRDye 800CW Donkey antirabbit 
immunoglobulin (IgG) (H + L) Ab (1:5000, LI-COR Biosci- 
ences, Lincoln, NE) for 1 h. Finally, blots were detected using 
the Odyssey Infrared Imaging System (LI-COR Biosciences) 
according to the manufacturer's protocol. 



Terminal deoxynucleotidyl transferase-mediated uridine 
5'-triphosphate-biotin nick end labeling assay and hema- 
toxylin and eosin staining: Uninfected and infected eyes 
from the LiCl- versus NaCl-treated mice (n=3/group/time) 
were enucleated at 5 days p.i. for terminal deoxynucleotidyl 
transferase transferase-mediated uridine 5'-triphosphate- 
biotin nick end labeling (TUNEL) staining with a terminal 
deoxynucleotidyl transferase (TdT) kit (Promega, Madison, 
WI) according to the manufacturer's instruction. Eyes were 
fixed in a 3.7% formaldehyde solution (Sigma) and embedded 
in paraffin. Eight-um-thick sections were cut, deparaffmized, 
rehydrated, and rinsed with DNase-free water (Invitrogen). 
Sections were permeabilized using proteinase K solution 
(20 ug/ml, Sigma) for 15 min and then fixed again using 3.7% 
formaldehyde solution (Sigma). Each section was incubated 
with TdT incubation buffer, which contains 45 til equilibra- 
tion buffer, 5 ul nucleotide mix, and 1 p.1 TdT enzyme at 
37 °C for 1 h to label the DNA nick ends, and then incubated 
with 4,6-diamino-2-phenyl indole (DAPI, 1:10,000, Sigma) 
for nuclear staining. Control samples were treated similarly 
but without TdT enzyme treatment. For histopathology in the 
B6 mouse eyes, sections were H&E stained as described by 
others [36]. Briefly, eyes were fixed in a 3.7% formaldehyde 
solution (Sigma) and embedded in paraffin. Eight- urn-thick 
sections were cut, deparaffmized, rehydrated, and rinsed with 
distilled water. Then, sections were stained with Hematoxylin 
for 5 min, differentiated with 1% HC1 in 70% alcohol for 30 
s, and washed with tape water for 15 min. Finally, sections 
were stained with Eosin for 2 min, dehydrated, and mounted. 
All sections were visualized with a Carl Zeiss microscope 
(Jena, Germany). 

Flow cytometry: Flow cytometric analysis was performed 
as described by others [5,37]. For corneal cells, five corneas 
were pooled and digested in collagenase type I (Sigma). Cell 
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suspensions were filtered, centrifuged, and resuspended in 
PBS with 2% bovine serum albumin (BSA). After blocking, 
cells were distributed into 100 ul samples and incubated 
with the following Abs for 30 min on ice: allophycocyanin 
(APC)-conjugated anti-Gr-1 (BD, Sparks, MD), Alexa 
Fluor 488-conjugated anti-F4/80 (Invitrogen), or isotype 
control APC-conjugated antirat IgG2b (BD) and Alexa Fluor 
488-conjugated antirat IgG2a (Invitrogen). Then the cells 
were washed and resuspended in 500 ul binding buffer, 
followed by the addition of 5 ul propidium iodide (PI). 
Finally, cell suspensions were incubated at room temperature 
away from light for 15 min, and analyzed with flow cytom- 
etry (Beckman Coulter EPICS XL/MCL, Fullerton, CA). For 
in vitro cultured cells, cell apoptosis was assessed with flow 
cytometry using an annexin V-fluorescein isothiocyanate 
apoptosis detection kit (BD) according to the manufacturer's 
instructions. Briefly, cells were pooled, washed, and resus- 
pended in 500 til binding buffer, followed by addition of 5 ul 
annexin V-fluorescein isothiocyanate and 5 ul PI. Then, cells 
were incubated at room temperature away from light for 15 
min, and analyzed with flow cytometry (Beckman Coulter 
EPICS XL/MCL). Viable cells were unstained with annexin 

V or PI, early apoptotic cells were stained with annexin V 
but not PI, and late apoptotic cells were stained with annexin 

V and PI. 

Enzyme-linked immunosorbent assay: For the in vivo studies, 
corneas from LiCl- versus NaCl-treated B6 mice (n=5/group/ 
time) were individually collected at 1 and 5 days p.i., and then 
homogenized in 0.5 ml of PBS with 0.1% Tween-20. For the 
in vitro studies, cell supernatant of LiCl- versus NaCl-treated 
RAW264.7 cells or neutrophils was collected at 6 h post chal- 
lenge. The protein levels of IL-10 and TNF-a were tested 
using enzyme-linked immunosorbent assay (ELISA) kits 
(R&D; Minneapolis, MN) according to the manufacturer's 
instructions. The reported sensitivity of these assays is <4.8 
pg/ml for IL-10 and <5.1 pg/ml for TNF-a. 

Bacterial plate counts: Corneas from LiCl- versus NaCl- 
treated B6 mice were collected at 1 and 5 days p.i. (n=5/group/ 
time). The number of viable bacteria was quantitated as previ- 
ously described [38]. Individual corneas were homogenized in 
normal saline solution containing 0.25% BSA. Serial ten-fold 
dilutions of the samples were plated on Pseudomonas isola- 
tion agar (BD Difco Laboratories, Sparks, MD) in triplicate, 
and the plates were incubated overnight at 37 °C. Results are 
reported as log 10 colony-forming units per cornea±standard 
error of the mean (SEM). 

Statistical analysis: The differences in clinical scores 
between the LiCl- versus the NaCl-treated B6 corneas were 
tested with the Mann-Whitney U test at 1, 3, and 5 days p.i. 
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An unpaired, two-tailed Student t test was used to determine 
the significance of the other assays. Data were considered 
significant at p<0.05. 

RESULTS 

Lithium chloride promoted host resistance to Pseudomonas 
aeruginosa keratitis: To determine the potential role of LiCl 
in PA keratitis, B6 mice were subconjunctivally injected with 
LiCl and NaCl (an appropriate control). Clinical score data 
showed that the LiCl-treated B6 mice exhibited less disease 
severity at 1, 3, and 5 days p.i. (Figure 1A, p<0.05, p<0.05, 
and p<0.05, respectively). Representative photographs of the 
LiCl-treated B6 corneas (Figure 1C) show less opacity than 
the NaCl-treated corneas (Figure IB) at 5 days p.i. We also 
enucleated the infected eyes at 5 days p.i. from LiCl- versus 
NaCl-treated B6 mice for histopathology. H&E staining data 
indicated that LiCl-treated B6 corneas (Figure IE) were much 
thinner and less swollen, with fewer infiltrated inflamma- 
tory cells in the stroma and anterior chamber, in contrast to 
the NaCl-treated corneas (Figure ID). Bacterial plate counts 
were used to detect viable bacteria in the infected cornea of 
the LiCl- versus NaCl-treated mice at 1 and 5 days p.i. The 
results showed that LiCl treatment decreased the bacterial 
load at 5 days p.i. (Figure IF, p<0.01), while no change was 
shown between the two groups at 1 day p.i. The efficacy of 
in vivo use of LiCl was confirmed with western blot (Figure 
1G). The results showed that subconjunctival injection of 
LiCl dramatically upregulated the protein levels of P-GSK3P 
and P-catenin, indicating the efficacy of LiCl. These results 
together demonstrated that LiCl promoted host resistance to 
PA corneal infection. 

Lithium chloride modulated pro- and anti-inflammatory cyto- 
kine expression in vivo: To explore the mechanism by which 
LiCl promoted host resistance against PA infection, we exam- 
ined the expression of selected pro- and anti-inflammatory 
cytokines with real-time PCR in LiCl- versus NaCl-treated 
corneas. At 1 and 5 days p.i., treatment with LiCl enhanced 
the mRNA levels of IL-10 (Figure 2A, p<0.01, p<0.05, at 1 
and 5 days p.i., respectively) and suppressed TNF-a expres- 
sion (Figure 2D, both p<0.01), while the mRNA levels of 
proinflammatory cytokines IL-6 and IL-ip were unchanged 
between the two groups (Figure 2B,C). Furthermore, LiCl 
significantly upregulated the protein levels of IL-10 (Figure 
2E, p<0.001, p<0.01, at 1 and 5 days p.i., respectively) but 
downregulated the protein levels of TNF-a (Figure 2F, both 
p<0.001). These data suggested that LiCl inhibited inflamma- 
tory responses in PA keratitis via increasing the expression of 
anti-inflammatory cytokine IL-10 and decreasing the expres- 
sion of proinflammatory cytokine TNF-a. 
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Figure 1. LiCI promotes host 
resistance against Pseudomonas 
aeruginosa (PA) keratitis. A: 
Clinical scores showed statistically 
significant differences in lithium 
chloride- (LiCI-) versus sodium 
chloride (NaCl)-treated corneas at 
1, 3, and 5 days p.i. The horizontal 
lines among the open and filled dots 
represent the means of the indicated 
clinical scores. Three individual 
experiments were performed, each 
with ten animals/group/time. Data 
were generated from one represen- 
tative experiment. Slit-lamp photo- 
graphs of Pseudomonas aeruginosa 
(PA)-infected eyes at 5 days p.i. 
displayed reduced disease severity 
in LiCl-treated (C) versus NaCl- 
treated (B) mice. Hematoxylin and 
eosin (H&E) staining was used 
to examine the histopathology of 
infected eyes at 5 days p.i. after 
treatment with LiCI (E) versus 
NaCI (D). Magnification=100X. 
Images shown are representative of 
three individual experiments each 
with three mice per group. F: Plate 
count assay data show that bacterial 
burden was decreased in infected 
B6 corneas at 5 days p.i. after treat- 
ment with LiCI versus NaCI. Data 
are the mean±standard error of the 
mean (SEM) and represent three 
individual experiments each with 
five corneas/group/time/assay. G: 
The protein levels of P-glycogen 
synthase kinase 3(3 (P-GSK3|3) and 
(3-catenin in LiCI- versus NaCl- 
treated B6 corneas were detected 
with western blot to confirm the 
efficacy of LiCI treatment. Data 
shown represent one of three indi- 
vidual experiments, each using five 
pooled corneas/time.* p<0.05; **, 
p<0.01. 
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Figure 2. Lithium chloride regulates inflammatory cytokine production in vivo. Relative messenger ribonucleic acid (mRNA) expression 
levels (fold changes) of interleukin-10 (IL-10) (A), IL-6 (B), IL-1J3 (C), and tumor necrosis factor-alpha (TNF-a) (D) in lithium chloride- 
(LiCl-) versus sodium chloride (NaCl)-treated corneas at 1 and 5 days p.i. were tested using real-time polymerase chain reaction (PCR). 
Protein levels of IL-10 (E) and TNF-a (F) in LiCI- versus NaCl-treated corneas at 1 and 5 days p.i. were tested using enzyme-linked 
immunosorbent assay (ELISA). Data are the mean±standard error of the mean (SEM) and represent three individual experiments with five 
animals/group/time. *, p<0.05; **, p<0.01; ***, p<0.001. 



Lithium chloride promoted cell apoptosis in vivo: Apoptosis No TUNEL-positive cells were detected in the NaCl- 

in LiCI- versus NaCl-treated B6 corneas was assessed with treated (Figure 3A) and LiCl-treated corneas before infec- 
TUNEL staining before and at 5 days p.i. (Figure 3A-D). tion (Figure 3C). However, at 5 days p.i., in contrast to the 
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Figure 3. Apoptosis in the infected cornea assessed with terminal deoxynucleotidyl transferase-mediated uridine 5'-triphosphate-biotin nick 
end labeling staining. Terminal deoxynucleotidyl transferase-mediated uridine 5'-triphosphate-biotin nick end labeling (TUNEL)-positive 
staining (green) was detected in lithium chloride (LiCI)- (C and D) versus sodium chloride (NaCl)-treated (A and B) corneas before (N) 
and at 5 days p.i. Cell nuclei were stained with 4,6-diamino-2-phenyl indole (DAPI; blue). Apoptotic cells were determined by colocalization 
of TUNEL and DAPI-positive staining (as indicated by white arrows). Magnification=100X, 200X, and 630X, respectively. Images shown 
are representative of three individual experiments each with three mice per group. 



NaCl-treated infected corneas (Figure 3B), the LiCl-treated 
infected corneas (Figure 3D) showed more intense TUNEL- 
positive staining in the cornea stroma (magnification=100X, 



200X). Confocal data (magnification=630X) further demon- 
strated that colocalization (indicated with white arrows) of 
nuclear DAPI staining (blue) and TUNEL staining (green) 
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was dramatically increased in the LiCl-treated corneas 
(Figure 3D) compared with the NaCl-treated corneas (Figure 
3B), suggesting that LiCl promoted apoptosis of the infil- 
trating cells in PA-infected corneas. 

Lithium chloride promoted inflammatory cell apoptosis in 
Pseudomonas aeruginosa-infected corneas: To determine 
the apoptotic ratio of corneal cells in the LiCl- versus NaCl- 
treated PA-infected mice, corneal cells were analyzed with 
PI staining associated with flow cytometry. The results 
showed that in the NaCl-treated B6 corneas, Pi-positive cells 
accounted for 5.97% and 10.6% at 1 and 5 days p.i., respec- 
tively (Figure 4A), while in the LiCl-treated B6 corneas, the 
percentage of apoptotic cells was elevated to 11.3% and 20.3% 
at 1 and 5 days p.i., respectively (Figure 4A), as calculated by 
the average percentage of Pi-positive cells in B6 cornea cell 
suspensions (Figure 4D, both p<0.001 at 1 and 5 days p.i.). 

Furthermore, corneal cells were analyzed by using F4/80 
and Gr-1 double staining associated with flow cytometry, to 
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identify the cell types of the infiltrating cells. The results 
showed that in the infected B6 corneas, the percentage of 
neutrophils (Gr-1 positive) and macrophages (F4/80 positive) 
was 75% and 20%, respectively (Figure 4G), while other cells 
(as shown in Gr-1 negative and F4/80 negative), including 
dendritic cells, resident corneal fibroblasts, corneal epithelial 
cells, and so on, accounted for only 5% of corneal cells (data 
not shown). In addition, cell apoptosis in macrophages and 
neutrophils was analyzed with flow cytometry in each cell 
population, and the results showed that treatment with LiCl 
significantly increased the apoptotic ratio of macrophages 
(Figure 4B) and neutrophils (Figure 4C) at 1 and 5 days p.i., 
as calculated by the average percentage of Pi-positive cells 
in F4/80 positive cells (Figure 4E, both p<0.001 at 1 and 5 
days p.i.) or Gr-1 positive cells (Figure 4F, both p<0.001 at 1 
and 5 days p.i.). 

Lithium chloride modulated pro- and anti-inflammatory cyto- 
kine expression in vitro: To ascertain the in vitro function 
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of LiCl in infiltrating inflammatory cells, selected inflam- 
matory cytokines were determined with real-time PCR in 
LiCl- versus NaCl-treated RAW264.7 cells and neutrophils. 
IL-10 expression was dramatically increased (Figure 5A, 
p<0.001), while the mRNA levels of IL-6 (Figure 5B, p<0.05) 
and TNF-a (Figure 5D, p<0.05) were decreased in the 
LiCl- versus NaCl-treated RAW264.7 cells after the PA chal- 
lenge. No change was detected in IL-ip expression between 
the two groups (Figure 5C). Moreover, LiCl enhanced the 
expression of IL-10 (Figure 5E, p<0.01) and suppressed the 
expression of IL-6 (Figure 5F, p<0.05), IL-lp (Figure 5G, 
p<0.01), and TNF-a (Figure 5H, p<0.01) in PA-challenged 
neutrophils. Moreover, ELISA data showed that LiCl signifi- 
cantly upregulated IL-10 protein levels in RAW264.7 cells 
(Figure 51, p<0.01) and neutrophils (Figure 5J, p<0.01), but 
downregulated TNF-a protein expression in RAW264.7 cells 
(Figure 51, p<0.01) and neutrophils (Figure 5J, pO.OOl). 

Lithium chloride promoted inflammatory cell apoptosis in 
vitro: We further examined the role of LiCl in modulating 
apoptosis of inflammatory cells with annexin V7PI double 
staining associated with flow cytometry. Flow cytometry 
data showed that LiCl increased the number of annexin V- 
positive RAW264.7 cells (Figure 6A) and neutrophils (Figure 
6B) after the PA challenge, while no change was detected in 
the LiCl- versus NaCl-treated cells without PA stimulation. 

Additional evidence for the occurrence of apoptosis was 
obtained with western blot analysis for cleaved caspase-3 
and cleaved PARP, two hallmarks of apoptosis. Western blot 
data showed that LiCl induced caspase-3 and PARP cleavage 
in RAW264.7 cells (Figure 6C) and neutrophils (Figure 6D) 
at 12 and 24 h after PA stimulation, when compared with 
the NaCl-treated cells, indicating that LiCl promoted the 
apoptosis of macrophages and neutrophils in response to 
PA challenge. Moreover, the efficacy of LiCl treatment in 
the RAW264.7 cells (Figure 6C) and neutrophils (Figure 
6D) were confirmed with western blot, as indicated by the 
upregulation of P-GSK3P and P-catenin. 

DISCUSSION 

LiCl exerts an efficient role in treating various diseases, 
including Alzheimer disease [28], bipolar disorder [29], 
diabetes [30], and cancer [31]. However, the function of LiCl 
in microbial keratitis remains unclear. Our study demon- 
strated that LiCl promoted host resistance against PA keratitis 
by modulating pro- and anti-inflammatory cytokine produc- 
tion and inflammatory cell apoptosis, which shed light on the 
regulation of LiCl in ocular infection. 

It has been reported that LiCl exhibits a potent anti- 
inflammatory effect in the pathogenesis of various diseases 
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by modulating production of inflammatory cytokines. For 
example, Nahman et al. reported that LiCl relieves bipolar 
disorder by reducing the secretion of TNF-a, IL-ip, prosta- 
glandin E2, and nitric oxide [19]. Beurel et al. demonstrated 
that LiCl reduces LPS-induced IL-6 expression in the septic 
shock murine model and in vitro cultured primary glia 
[39]. Wang et al. protected against endotoxemic acute renal 
failure mainly by downregulating proinflammatory TNF-a 
and Regulated on Activation, Normal T cell Expressed and 
Secreted [27]. Our study indicated that LiCl enhanced IL-10 
production and reduced TNF-a expression in the infected 
corneas as well as murine macrophages and neutrophils. 
Moreover, LiCl also reduced expression of IL-6 in macro- 
phages and IL-ip and IL-6 in neutrophils. Although the 
LiCl-modulated inflammatory cytokine profile in different 
cell types was not exactly the same, overall LiCl plays an 
anti-inflammatory role in the host immune response against 
PA infection. In addition to cytokine production, inflamma- 
tory infiltration is another hallmark of corneal inflamma- 
tion. Our H&E staining data showed that at 5 days p.i., the 
LiCl-treated B6 corneas were much thinner and less swollen, 
with fewer infiltrated inflammatory cells in the stroma and 
anterior chamber, in contrast to the NaCl-treated corneas, 
further confirming the anti -inflammatory activity of LiCl. 

Apoptosis is another strategy used by the host to control 
the excessive inflammatory response. Studies have demon- 
strated that LiCl promotes apoptosis of macrophages [22,40], 
neuron cells [23], and chick retina cells [25], but exhibits 
antiapoptotic activity in human acute T lymphoblastic 
leukemia cells [24], LPS-simulated renal cells [27], as well 
as transmissible gastroenteritis virus-infected swine testis 
cells and porcine kidney cells [26]. These data indicate that 
whether LiCl executes an antiapoptotic or a proapoptotic 
effect is largely associated with the cell type and stimulating 
factor. Our in vivo data demonstrated that in PA-infected 
B6 corneas, treatment with LiCl prompted the apoptosis of 
infiltrating neutrophils and macrophages, which together 
account for approximately 90% of the whole corneal cells. 
Our in vitro data further confirmed that LiCl exerts proapop- 
totic activity in murine macrophages and neutrophils after 
PA challenge, while no difference was detected in the LiCl- 
versus NaCl-treated cells before the challenge, which shed 
light on the regulation of LiCl in PA-induced inflammatory 
cell apoptosis. 

According to previous studies, several mechanisms 
may be involved in the LiCl-induced anti-inflammatory 
responses and cell apoptosis. Studies have demonstrated that 
LiCl executes its immunomodulatory function by regulating 
the activity of enzymes involved in the second messenger 
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Figure 5. Lithium chloride regulates 
inflammatory cytokine production 
in vitro. Relative messenger ribo- 
nucleic acid (mRNA) levels (fold 
changes) of interleukin-10 (IL-10), 
IL-6, IL-lfj, and tumor necrosis 
factor-alpha (TNF-a) were exam- 
ined with real-time polymerase 
chain reaction (PCR) in lithium 
chloride- (LiCI-) versus sodium 
chloride (NaCl)-treated murine 
macrophage-like RAW264.7 cells 
(A-D) and mouse bone marrow- 
derived neutrophils (E-H) before 
and at 6 h after Pseudomonas 
aeruginosa (PA) stimulation. The 
protein levels of IL-10 and TNF-a 
were examined with enzyme- 
linked immunoabsorbent assay 
(ELISA) in LiCI- versus NaCl- 
treated murine macrophage-like 
RAW264.7 cells (I) and mouse 
bone marrow-derived neutrophils 
(J) at 6 h after PA stimulation. Data 
are the mean±standard error of the 
mean (SEM) and represent three 
individual experiments (n=5). *, 
p<0.05; **, p<0.01; ***, p<0.001. 
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Figure 6. Lithium chloride promotes cell apoptosis in vitro. A and B: Apoptosis in lithium chloride- (LiCI-) versus sodium chloride- (NaCI-) 
treated murine macrophage-like RAW264.7 cells (A) and mouse bone marrow-derived neutrophils (B) before Pseudomonas aeruginosa (PA) 
infection (PA-) and after PA infection (PA+) was analyzed with flow cytometry with annexin V and propidium iodide (PI) staining. Western 
blot was used to detect the protein levels of cleaved caspase-3, cleaved poly(ADP-ribose) polymerase (PARP), P-GSK3F5, and (3-catenin in 
murine macrophage-like RAW264.7 cells (C) and bone marrow-derived neutrophils (D) at 12 and 24 h after PA infection. Data represent 
three individual experiments. 



system or signaling molecules such as GSK3P and P-catenin. 
For example, studies have demonstrated that LiCI induced 
the apoptosis of macrophages by suppressing inositol mono- 
phosphatase (IMPase) activity [22] and nuclear factor-kappaB 
activation [40], while the mechanism of neutrophil apoptosis 
induced by LiCI remains unclear. Substantive evidence indi- 
cated that in most cases, LiCI promotes anti-inflammatory 
cytokine production [23] and induces cell apoptosis by 
suppressing GSK3P activity [23]. However, in PA keratitis, 
specific GSK3P inhibitor SB216763 and LiCI displayed 
different effects in inflammatory cytokine expression, which 



indicated the participation of other signaling pathways in the 
LiCl-induced anti-inflammatory responses. 

The role of inflammatory cell apoptosis in PA keratitis 
remains controversial. Dr. Hazlett's group demonstrated that 
earlier apoptosis of inflammatory cells is beneficial for host 
immune defense against PA keratitis, and that interference 
of apoptosis aggravates tissue damage and enhances bacte- 
rial burden in PA-infected mouse corneas [9,10]. However, 
Dr. Pearlman's group reported that PA promotes apoptosis 
of infiltrating neutrophils in the corneal stroma by virtue 
of the bacterial type III secretion system, and subverts the 
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antibacterial activity of neutrophils [11]. Our study demon- 
strated that LiCl increased the apoptosis of infiltrating 
inflammatory cells and promoted host resistance against 
PA keratitis, which is consistent with Hazlett's viewpoints. 
We also examined the microbicidal activity of LiCl by using 
the same murine model of PA keratitis, and found that LiCl 
promoted bacterial elimination, suggesting that the protective 
role of LiCl in PA keratitis depends on anti-inflammatory 
function and microbicidal activity. 

In summary, our in vivo and in vitro studies provide 
substantive evidence that LiCl promotes host resistance to 
PA keratitis by suppressing inflammatory cytokine produc- 
tion, enhancing inflammatory cell apoptosis, and promoting 
bacterial clearance. Collectively, the data may hold promise 
for alternative clinical treatment of PA keratitis and other 
infectious diseases. 

ACKNOWLEDGMENTS 

This work was supported by grants National Natural Science 
Foundation of China (U0832006, 81172811, 31200662, 
81261160323) the Open Project Grant at State Key Laboratory 
of Ophthalmology (Zhongshan Ophthalmic Center), Guang- 
dong Innovative Research Team Program (No. 2009010058), 
Specialized Research Fund for the Doctoral Program of 
Higher Education of China (20100171110047), Guang- 
dong Natural Science Foundation (10251008901000013, 
S2012040006680), Guangdong Province Universities and 
Colleges Pearl River Scholar Funded Scheme (No. 2009), 
National Science and Technology Key Projects for Major 
Infectious Diseases (2013ZX10003001). Dr. Minhao Wu 
(wuminhao@mail.sysu.edu.cn) and Dr. Xi Huang contributed 
equally to the research project and can be considered as equal 
co-corresponding authors. 

REFERENCES 

1. Hazlett LD. Corneal response to Pseudomonas aeruginosa 

infection. Prog Retin Eye Res 2004; 23:1-30. [PMID: 
14766315]. 

2. Yildiz EH, Airiani S, Hammersmith KM, Rapuano CJ, Laibson 

PR, Virdi AS, Hongyok T, Cohen EJ. Trends in contact lens- 
related corneal ulcers at a tertiary referral center. Cornea 
2012; 31:1097-102. [PMID: 22902490]. 

3. Kawai T, Akira S. Toll-like receptors and their crosstalk with 

other innate receptors in infection and immunity. Immunity 
2011; 34:637-50. [PMID: 21616434]. 

4. Chang JH, McCluskey PI, Wakefield D. Toll-like receptors in 

ocular immunity and the immunopathogenesis of inflamma- 
tory eye disease. Br I Ophthalmol 2006;90:103-8. [PMID: 
16361678]. 



© 2013 Molecular Vision 

5. Sun Y, Karmakar M, Roy S, Ramadan RT, Williams SR, 

Howell S, Shive CL, Han Y, Stopford CM, Rietsch A, 
Pearlman E. TLR4 and TLR5 on corneal macrophages regu- 
late Pseudomonas aeruginosa keratitis by signaling through 
MyD88-dependent and -independent pathways. I Immunol 
2010; 185:4272-83. [PMID: 20826748]. 

6. Hazlett LD. Pathogenic mechanisms of P. aeruginosa kera- 

titis: a review of the role of T cells, Langerhans cells, PMN, 
and cytokines. DNA Cell Biol 2002; 21:383-90. [PMID: 
12167240], 

7. Thakur A, Barrett RP, Hobden IA, Hazlett LD. Caspase-1 

inhibitor reduces severity of pseudomonas aeruginosa kera- 
titis in mice. Invest Ophthalmol Vis Sci 2004; 45:3177-84. 
[PMID: 15326138], 

8. Szliter EA, Lighvani S, Barrett RP, Hazlett LD. Vasoactive 

intestinal peptide balances pro- and anti-inflammatory 
cytokines in the Pseudomonas aeruginosa-infected cornea 
and protects against corneal perforation. I Immunol 2007; 
178:1105-14. [PMID: 17202374]. 

9. Zhou Z, Wu M, Barrett RP, McClellan SA, Zhang Y, Hazlett 

LD. Role of the Fas pathway in Pseudomonas aeruginosa 
keratitis. Invest Ophthalmol Vis Sci 2010; 51:2537-47. 
[PMID: 20019368]. 

10. Zhou Z, Barrett RP, McClellan SA, Zhang Y, Szliter EA, 

van Rooijen N, Hazlett LD. Substance P delays apoptosis, 
enhancing keratitis after Pseudomonas aeruginosa infec- 
tion. Invest Ophthalmol Vis Sci 2008; 49:4458-67. [PMID: 
18566468]. 

11. Sun Y, Karmakar M, Taylor PR, Rietsch A, Pearlman E. 

ExoS and ExoT ADP ribosyltransferase activities mediate 
Pseudomonas aeruginosa keratitis by promoting neutrophil 
apoptosis and bacterial survival. I Immunol 2012; 188:1884- 
95. [PMID: 22250085]. 

12. Licht RW. Lithium: still a major option in the management 

of bipolar disorder. CNS Neurosci Ther 2012; 18:219-26. 
[PMID: 22070642]. 

13. Machado-Vieira R, Manji HK, Zarate CA Ir. The role of 

lithium in the treatment of bipolar disorder: convergent 
evidence for neurotrophic effects as a unifying hypothesis. 
Bipolar Disord 2009; ll:Suppl 292-109. [PMID: 19538689]. 

14. Lang GH. Ontario. Prevalence of antibodies of Coxiella and 

Chlamydia spp. in cats in Ontario. Can Vet I 1992; 33:134- 
[PMID: 17423950]. 

15. Quiroz IA, Gould TD, Manji HK. Molecular effects of lithium. 

Mol Interv 2004; 4:259-72. [PMID: 15471909]. 

16. Shaldubina A, Agam G, Belmaker RH. The mechanism of 

lithium action: state of the art, ten years later. Prog Neuro- 
psychopharmacol Biol Psychiatry 2001; 25:855-66. [PMID: 
11383981], 

17. DiGiovanna II, Aoyagi T, Taylor IR, Halprin KM. Inhibition 

of epidermal adenyl cyclase by lithium carbonate. I Invest 
Dermatol 1981; 76:259-63. [PMID: 6259263]. 

18. Ballanger F, Tenaud I, Volteau C, Khammari A, Dreno B. Anti- 

inflammatory effects of lithium gluconate on keratinocytes: a 



1513 



Molecular Vision 2013; 19:1502-1514 <http://www.molvis.org/molvis/vl9/15 

possible explanation for efficiency in seborrhoeic dermatitis. 
Arch Dermatol Res 2008;300:215-23. [PMID: 18330588]. 

19. Nahman S, Belmaker RH, Azab AN. Effects of lithium on 

lipopolysaccharide-induced inflammation in rat primary glia 
cells. Innate Immun 2012; 18:447-58. [PMID: 21994254]. 

20. Hofmann C, Dunger N, Scholmerich J, Falk W, Obermeier 

F. Glycogen synthase kinase 3-beta: a master regulator of 
toll-like receptor-mediated chronic intestinal inflammation. 
Inflamm Bowel Dis 2010; 16:1850-8. [PMID: 20848477]. 

21. Zhang P, Katz J, Michalek SM. Glycogen synthase kinase- 

3beta (GSK3beta) inhibition suppresses the inflammatory 
response to Francisella infection and protects against 
tularemia in mice. Mol Immunol 2009; 46:677-87. [PMID: 
18929413], 

22. De Meyer I, Martinet W, Van Hove CE, Schrijvers DM, 

Hoymans VY, Van Vaeck L, Fransen P, Bult H, De Meyer 
GR. Inhibition of inositol monophosphatase by lithium 
chloride induces selective macrophage apoptosis in athero- 
sclerotic plaques. Br J Pharmacol 2011; 162:1410-23. [PMID: 
21138421]. 

23. Gomez-Sintes R, Lucas JJ. NFAT/Fas signaling mediates the 

neuronal apoptosis and motor side effects of GSK-3 inhibition 
in a mouse model of lithium therapy. J Clin Invest 2010; 
120:2432-45. [PMID: 20530871]. 

24. Pietruczuk K, Jozwik A, Ruckemann-Dziurdzinska K, Bryl 

E, Witkowski JM. Cytoprotective effect of lithium against 
spontaneous and induced apoptosis of lymphoid cell line 
MOLT-4. Folia Histochem Cytobiol 2009; 47:639-46. 
[PMID: 20430733]. 

25. Ramchandran H, Rajadhyaksha MS. Lithium affects histogen- 

esis of embryonic chick retina. Toxicol Int 2012; 19:153-7. 
[PMID: 22778513]. 

26. Ren X, Meng F, Yin J, Li G, Li X, Wang C, Herrler G. Action 

mechanisms of lithium chloride on cell infection by trans- 
missible gastroenteritis coronavirus. PLoS ONE 2011; 
6:el8669-[PMID: 21573100]. 

27. Wang Y, Huang WC, Wang CY, Tsai CC, Chen CL, Chang 

YT, Kai JI, Lin CF. Inhibiting glycogen synthase kinase-3 
reduces endotoxaemic acute renal failure by down-regulating 
inflammation and renal cell apoptosis. Br J Pharmacol 2009; 
157:1004-13. [PMID: 19508392]. 

28. Forlenza OV, de Paula VJ, Machado-Vieira R, Diniz BS, 

Gattaz WF. Does lithium prevent Alzheimer's disease? 
Drugs Aging 2012; 29:335-42. [PMID: 22500970]. 

29. Singh N, Halliday AC, Thomas JM, Kuznetsova OV, Baldwin 

R, Woon EC, Aley PK, Antoniadou I, Sharp T, Vasudevan 
SR, Churchill GC. A safe lithium mimetic for bipolar 
disorder. Nat Commun 2013; 4:1332-[PMID: 23299882]. 



© 2013 Molecular Vision 

30. Kanzariya NR, Patel RK, Patel NJ. Antidiabetic and vasopro- 

tective activity of lithium: Role of glycogen synthase kinase- 
3. Indian J Pharmacol 2011;43:433-6. [PMID: 21845000], 

31. Novetsky AP, Thompson DM, Zighelboim I, Thaker PH, 

Powell MA, Mutch DG, Goodfellow PJ. Lithium Chloride 
and Inhibition of Glycogen Synthase Kinase 3beta as a 
Potential Therapy for Serous Ovarian Cancer. Int J Gynecol 
Cancer 2013; 23:361-364-[PMID: 23295942]. 

32. Hazlett LD, Moon MM, Strejc M, Berk RS. Evidence for 

N-acetylmannosamine as an ocular receptor for P. aerugi- 
nosa adherence to scarified cornea. Invest Ophthalmol Vis 
Sci 1987; 28:1978-85. [PMID: 3119512]. 

33. Khajah M, Andonegui G, Chan R, Craig AW, Greer PA, 

McCafferty DM. Fer kinase limits neutrophil chemotaxis 
toward end target chemoattractants. J Immunol 2013; 
190:2208-16. [PMID: 23355730]. 

34. Levine S, Saltzman A, Katof B, Meister A, Cooper TB. 

Prevention of lithium nephrotoxicity in a novel one-hour 
model in rats. Psychopharmacology (Berl) 1998; 138:34-9. 
[PMID: 9694524]. 

35. Martin M, Rehani K, Jope RS, Michalek SM. Toll-like 

receptor-mediated cytokine production is differentially regu- 
lated by glycogen synthase kinase 3. Nat Immunol 2005; 
6:777-84. [PMID: 16007092]. 

36. Weihua Z, Makela S, Andersson LC, Salmi S, Saji S, Webster 

JI, Jensen EV, Nilsson S, Warner M, Gustafsson JA. A role 
for estrogen receptor beta in the regulation of growth of the 
ventral prostate. Proc Natl Acad Sci USA 2001; 98:6330-5. 
[PMID: 11371645]. 

37. Karmakar M, Sun Y, Hise AG, Rietsch A, Pearlman E. Cutting 

edge: IL-lbeta processing during Pseudomonas aeruginosa 
infection is mediated by neutrophil serine proteases and is 
independent of NLRC4 and caspase-1. J Immunol 2012; 
189:4231-5. [PMID: 23024281], 

38. Huang X, Du W, Barrett RP, Hazlett LD. ST2 is essential for 

Th2 responsiveness and resistance to pseudomonas aerugi- 
nosa keratitis. Invest Ophthalmol Vis Sci 2007; 48:4626-33. 
[PMID: 17898286], 

39. Beurel E, Jope RS. Lipopolysaccharide-induced interleukin-6 

production is controlled by glycogen synthase kinase-3 and 
STAT3 in the brain. J Neuroinf lamination 2009; 6:9-[PMID: 
19284588]. 

40. Zhang M, Jin W, Zhou X, Yu J, Lee AJ, Sun SC. Deregulation 

of Tpl2 and NF-kappaB signaling and induction of macro- 
phage apoptosis by the anti-depressant drug lithium. Cell 
Signal 2009; 21:559-66. [PMID: 19159680], 



Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 19 July 2013. This reflects all typographical corrections and errata to the article 
through that date. Details of any changes may be found in the online version of the article. 



1514 



